Depression and anxiety disorders are associated with increased release of peripheral cytokines; however, their functional relevance remains unknown. Using a social stress model in mice, we find preexisting individual differences in the sensitivity of the peripheral immune system that predict and promote vulnerability to social stress. Cytokine profiles were obtained 20 min after the first social stress exposure. Of the cytokines regulated by stress, IL-6 was most highly up-regulated only in mice that ultimately developed a susceptible behavioral phenotype following a subsequent chronic stress, and levels remained elevated for at least 1 mo. We confirmed a similar elevation of serum IL-6 in two separate cohorts of patients with treatment-resistant major depressive disorder. Before any physical contact in mice, we observed individual differences in IL-6 levels from ex vivo stimulated leukocytes that predict susceptibility versus resilience to a subsequent stressor. To shift the sensitivity of the peripheral immune system to a pro-or antidepressant state, bone marrow (BM) chimeras were generated by transplanting hematopoietic progenitor cells from stress-susceptible mice releasing high IL-6 or from IL-6 knockout (IL-6 −/− ) mice. Stress-susceptible BM chimeras exhibited increased social avoidance behavior after exposure to either subthreshold repeated social defeat stress (RSDS) or a purely emotional stressor termed witness defeat. IL-6 −/− BM chimeric and IL-6 −/− mice, as well as those treated with a systemic IL-6 monoclonal antibody, were resilient to social stress. These data establish that preexisting differences in stress-responsive IL-6 release from BM-derived leukocytes functionally contribute to social stressinduced behavioral abnormalities.
depression | anxiety | stress | interleukin-6 | leukocytes H uman studies indicate that psychosocial stressors increase peripheral cytokine production, a potentially important factor in the development of depression or anxiety (1) (2) (3) (4) (5) (6) . Subsets of patients with major depressive disorder (MDD) and posttraumatic stress disorder have higher levels of multiple inflammatory markers, including the cytokine interleukin 6 (IL-6) (3, 4, 6-8), which meta-analyses indicate is consistently elevated across studies (2, (9) (10) (11) . Although systemic injection of proinflammatory cytokines induces "sickness behavior" reminiscent of depressive symptoms (12), a causal relationship between peripherally derived cytokines and stress-related disorders awaits confirmation. To directly address whether systemic inflammation functionally contributes to stress vulnerability, we used two social stress paradigms: repeated social defeat stress (RSDS) (13, 14) and a purely emotional stressor (witness defeat) (15) . As in humans (16, 17) , chronic social subordinations in mice lead to depression-like behavior, including social avoidance, in a subset of mice termed susceptible, whereas resilient mice resist the development of such behavior (18) (19) (20) . We hypothesize that preexisting differences in the sensitivity of an individual's peripheral immune system dictate their subsequent vulnerability or resilience to social stress.
Results

Leukocyte-Derived IL-6 Is Predictive of Susceptibility Versus
Resilience to Stress. We examined cytokine and chemokine profiles 20 min after the first exposure to an aggressor in the RSDS paradigm (Table 1 and Fig. S1A ). Although acute social stress regulated a number of cytokines and chemokines, IL-6 was the only cytokine significantly elevated in animals that later developed a susceptible phenotype compared with both control and resilient mice. Furthermore, IL-6 levels strongly negatively correlated with social interaction behavior following subsequent RSDS (Fig.  S1B ). IL-1β was also elevated in susceptible mice compared with resilient mice, however, neither differed from controls. The antiinflammatory cytokine IL-10 and the chemokines chemokine (C-X-C motif) ligand 1 (CXCL1) and chemokine (C-C motif) ligand 2 (CCL2) were similarly elevated in susceptible and resilient animals compared with controls, indicating a general effect of defeat (Table 1) . IL-9 was not significantly regulated by stress but did correlate with subsequent social avoidance behavior (Fig. S1C ).
Significance
Depression and anxiety have been linked to increased inflammation. However, we do not know if inflammatory status predates onset of disease or whether it contributes to depression symptomatology. We report preexisting individual differences in the peripheral immune system that predict and promote stress susceptibility. Replacing a stress-naive animal's peripheral immune system with that of a stressed animal increases susceptibility to social stress including repeated social defeat stress (RSDS) and witness defeat (a purely emotional form of social stress). Depleting the cytokine IL-6 from the whole body or just from leukocytes promotes resilience, as does sequestering IL-6 outside of the brain. These studies demonstrate that the emotional response to stress can be generated or blocked in the periphery, and offer a potential new form of treatment for stress disorders.
Given the 27-fold change in IL-6 detected in susceptible animals, we next examined an in vivo time course of plasma IL-6 levels before and throughout exposure to RSDS in a second group of animals. There were no basal differences in IL-6 before RSDS, however we again observed that susceptible animals had significantly higher serum IL-6 within 20 min of their first defeat and levels remained elevated 48 h after the last defeat (Fig. 1A and Figs. S2A and S3A). Because baseline levels of IL-6 were low, we verified that there were indeed no basal group differences via a high-sensitivity ELISA in a separate cohort of mice ( Fig. S4 A and B) .
To validate that the increased levels of IL-6 found in susceptible mice were clinically relevant, we examined IL-6 in serum from patients with treatment-resistant MDD using a high-sensitivity human IL-6 ELISA. Severity of depression was quantified using the Quick Inventory of Depressive Symptomatology (QIDS) scale (Fig. 1B) . Patients with MDD had higher serum IL-6 than healthy controls (Fig. 1C and Table S1 ). In a second cohort of patients with treatment-resistant MDD, we examined the effects of antidepressant treatment on circulating levels of IL-6. In this cohort, severity of depression was quantified using Hamilton Depression Scale scores (Table S1 ). Again levels of IL-6 were elevated in patients with treatment-resistant MDD, and standard antidepressant treatment did not lower circulating levels of IL-6. IL-6 levels were also examined in mice that experienced 10 d of RSDS followed by 35 d of Imipramine treatment ( Fig. 1D and Fig. S3 B and C) . IL-6 levels were still significantly up-regulated 35 d after the last defeat, and similar to humans, Imipramine did not lower circulating levels of IL-6. These data suggest that standard antidepressants are not acting on immune function to exert their behavioral effects.
To examine whether the effects of stress on IL-6 levels generalize to other stress paradigms, we sampled blood from mice exposed to 21 d of chronic variable stress (CVS). CVS significantly increased basal levels of IL-6 sampled 24 h after the last stress exposure (Fig. 1E) . We also examined whether exposure to a purely emotional stressor increased IL-6. Mice witnessed a conspecific undergoing RSDS, but had no physical contact with the aggressor. Circulating levels of IL-6 were elevated in witness mice compared with controls 30 d after the last stressor, when the phenotype of social avoidance emerges (15) (Fig. 1F and Fig. S3D ).
Because of the physical nature of RSDS, we performed physical examinations of animals. There were no differences in the number of wounds and no correlation between number of wounds and social-interaction (SI) ratio ( Fig. S4 C and D) , suggesting that individual differences in susceptibility to RSDS were not due to physical injury. Because IL-6 is involved with the fever response (21), we examined core body temperature after 10 d of RSDS as general sickness behavior could alter social interaction (22) . There were no significant effects of RSDS on core body temperature (Fig.  S4E ). Furthermore, RSDS increased corticosterone levels to the same extent in both susceptible and resilient animals (Fig. S4 F and G). These data suggest that both groups received similar levels of trauma-related stress and further dissociate general hypothalamic pituitary adrenal stress responses from stress-induced levels of IL-6.
To determine whether immune differences in stress-naive mice can predict development of susceptible versus resilient responses to a subsequent RSDS, we conducted an ex vivo leukocyte immune challenge (Fig. S2B) . Whole blood was collected by submandibular bleed 4 d before the first physical interaction with an aggressor. Leukocytes were isolated and counted. Mice that later exhibited a susceptible phenotype following RSDS had more circulating leukocytes than those that exhibited a resilient phenotype ( Fig. 2A and Fig. S3E ) before the stress exposure. The number of leukocytes negatively correlated with the social interaction ratio (Fig. 2B) . To determine the specific type of leukocyte that predicts susceptibility, we collected whole blood before RSDS and separated leukocytes via flow cytometry in a separate cohort of mice. We found that before stress exposure, monocytes were elevated in animals that developed a susceptible phenotype after stress exposure ( Fig. S5A ) and negatively correlated with the social interaction ratio ( Fig. S5 B and C). Although there were no baseline differences in B cells (Fig. S5D) , there was a modest trend for increased T cells in mice that later developed a susceptible phenotype (Fig. S5E ). To measure IL-6 release to an ex vivo immune challenge, leukocytes were collected before RSDS, plated at equal confluence, and stimulated with the toll-like receptor 4 agonist, lipopolysaccharide (LPS), for 24 h. Leukocytes from animals that later exhibited a susceptible behavioral phenotype released more IL-6 in response to LPS before stress than those that exhibited a resilient phenotype (Fig. 2C) . Stimulated IL-6 release also negatively correlated with the social interaction ratio (Fig. 2D ). These studies confirm preexisting individual differences in leukocyte numbers as well as leukocyte response to an immune challenge before RSDS, suggesting that dysregulated immune physiology and concomitant increased IL-6 release are a risk factor for stress susceptibility.
Peripheral Immune System Controls Behavioral Susceptibility. To examine the functional contribution of increased immune activation to stress, animals were reconstituted with bone marrow (BM) hematopoietic progenitors isolated from susceptible or 
Animals were behaviorally phenotyped 10 d after RSDS by measuring social interaction (Fig. S1A) . Univariate ANOVA analysis was used to determine significant differences in circulating cytokine levels between control, susceptible, and resilient mice. Correlations to the SI ratio were examined in animals that underwent RSDS. Subjects with nondetectable levels of cytokines/chemokines or levels that varied more than 2 SD from the mean were excluded from analysis. Data are displayed as mean ± SEM. Correlations are listed in row R, and sample numbers are listed in row N. control mice (Fig. S2C) . To exclusively target peripheral immune cells and spare central nervous system (CNS) microglia during whole body irradiation of CD45.2+ C57BL/6 mice, we used lead shields to cover the animals' heads (Fig. S6A) . For the susceptible donors, CD45.1+ C57BL/6 mice were selected based on high release properties of IL-6 in response to an ex vivo leukocyte challenge with LPS and the development of social avoidance following RSDS (Fig. S7A) . Control donors did not undergo RSDS and showed low IL-6 release properties to LPS ex vivo. BM hematopoietic progenitor cells from susceptible or control mice were transplanted into the irradiated CD45.2+ C57BL/6 recipients, and animals were given 5-6 wk to allow for full donor hematopoietic cell reconstitution before exposure to social stress. Blood was collected at the end of each experiment to determine donor chimerism. Approximately 70% of the viable leukocytes derived from donor progenitor cells, although proportions of donor-derived leukocytes did not differ between susceptible and control donors (Fig. 3A and Fig. S7B ). After transplant, stresssusceptible BM chimeras overall had more circulating leukocytes compared with wild-type control chimeras (Fig. 3B) . Examination of brain tissue indicated that proliferation of cells in neurogenic brain regions known to regulate antidepressant responses was not affected by irradiation (Fig. S6 B and C) . Further, >98% of the microglia remained of host origin, suggesting that their resident microglia population was left largely intact ( Fig. 3C and Fig.  S7C ). This is in line with previous studies using lead shielding to protect the CNS from radiation (23) .
To determine the behavioral consequences of peripheral immune transplantation, stress-susceptible and control BM chimeric mice were subjected to a physical subthreshold defeat that does not induce social avoidance in controls but can reveal a susceptible phenotype if an animal's stress threshold is shifted by the experimental manipulation (24) . Stress-susceptible BM chimeras displayed increased social avoidance following subthreshold defeat compared with controls (Fig. 3D ). There were no differences in measures of anxiety-associated exploratory behavior between the two groups as indicated by the elevated plus maze (Table  S2) . To determine whether the peripheral immune system impacts the behavioral response to a purely emotional stressor (with no physical component), we generated a separate group of susceptible BM chimeric mice and allowed them to witness another mouse undergoing RSDS using a modified subthreshold protocol. Susceptible BM chimeras showed a greater social avoidance behavior compared with control BM chimeras following this subthreshold witness stress (Fig. 3E) .
Inhibition of Peripheral IL-6 Promotes Behavioral Resilience. To determine whether alterations in peripheral IL-6 contribute to individual differences in susceptibility to RSDS, we generated IL-6 −/− BM chimeras as described (Fig. S2D ). Once again we confirmed ∼70% of viable donor leukocyte chimerism and found no differences in proportions of donor-derived leukocytes between IL-6 −/− and WT BM chimeras ( Fig. 4A and Fig. S7D ). This ruled out nonspecific effects of IL-6 deletion on stem cell engraftment and differentiation into mature leukocytes. The WT . Post hoc analysis indicated no significant differences in IL-6 levels at baseline (P > 0.05). Twenty minutes after the first defeat, animals that developed a susceptible phenotype had higher circulating levels of IL-6 than control or resilient mice (P < 0.001). Forty-eight hours after the last defeat, susceptible mice had higher levels of IL-6 than resilient or control mice (P < 0.001). (B) Patients with a diagnosis of treatment-resistant MDD (n = 19) scored higher on the QIDS than healthy controls (n = 18) (t 35 = 15.68, P < 0.0001, two tailed). (C) Patients with treatment-resistant MDD had higher circulating levels of IL-6 than healthy controls (t 35 = 3.17, P < 0.01, two tailed). (D) Thirty-five days after the last defeat, susceptible mice injected with saline (n = 7) had basal elevations in serum levels of IL-6 compared with controls (saline, n = 13, Imipramine, n = 13) and resilient (n = 6) mice (F 4,45 = 3.66, P < 0.05) but not susceptible mice injected with Imipramine (n = 11, P > 0.05). (E) Twenty-four hours after the last day of CVS, mice showed significant elevations of IL-6 (t 12 = 2.48, P < 0.05, two tailed). (F) Mice exposed to the nonphysical social stress of witness defeat (witness = 10, control = 11) demonstrated elevations in IL-6 30 d after the last stressor, when serum levels were measured immediately after the social interaction test (t 19 = 3.1, P < 0.01, two tailed). Bar graphs display mean ± SEM. # denotes a significant interaction. * denotes a significant difference in phenotype. For t tests, * denotes a significant difference between means. Before RSDS, mice that displayed a susceptible phenotype at the end of RSDS had more circulating leukocytes than mice that displayed a resilient phenotype (t 36 = 3.03, P < 0.01, two tailed; susceptible, n = 25, resilient, n = 13). (B) Prestress circulating leukocytes before social defeat stress negatively correlated with the social interaction ratio following RSDS (r = -0.44, P < 0.01). (C) Before RSDS, leukocytes from susceptible animals released more IL-6 than from resilient animals when stimulated with LPS (F 1,36 = 15, P < 0.001; susceptible, n = 25, resilient, n = 13). (D) Prestress levels of IL-6 released by leukocytes in response to LPS negatively correlated with the social interaction ratio following RSDS (r = -0.48, P < 0.01). Bar graphs display mean ± SEM. # denotes a significant interaction. * denotes a significant difference in phenotype. Circles denote individual animals. For t tests, * denotes a significant difference between means.
control (CD45.2+ C57BL/6) was chosen based on high IL-6 release ex vivo following leukocyte stimulation with LPS, whereas IL-6 levels were undetectable in IL-6 −/− mice (Fig. S7E ). IL-6
−/− BM chimeras and IL-6 −/− mice along with WT controls for each were exposed to 10 d of RSDS. IL-6 −/− BM chimeras and IL-6 −/− mice showed similar levels of resilience measured by the increased social interaction ratio (Fig. 4B) , suggesting that leukocyte-derived IL-6 is critical in the development of social avoidance. Neither constitutive IL-6 deletion nor hematopoietic progenitor cell-specific IL-6 deletion affected anxiety-associated exploratory behaviors in the elevated plus maze (Table S2) . To determine whether IL-6 from leukocytes impacted the behavioral response to a purely emotional stressor (with no physical component), we exposed IL-6 −/− and WT BM chimeric mice to the witness model described previously (15) . BM chimeras from high-IL-6 releasing controls displayed robust social avoidance behavior, whereas IL-6
−/− BM chimeras demonstrated resilient behavior (Fig. 4C) . Lastly, we injected neutralizing IL-6 monoclonal antibodies (mAbs), IgG isotype control antibody (IgG mAb), or saline systemically, 5 min before RSDS (Fig. S2E ). IL-6 mAb is too large to enter the brain, but rather acts by sequestering and neutralizing IL-6 in the periphery (Fig. 4D) . Consistent with the genetic deletion models, pharmacological blockade with IL-6 mAb, but not IgG mAb or saline alone, prevented the development of social avoidance (Fig. 4E) . Treatment with IL-6 mAb did not reduce anxiety-associated exploratory behavior in the elevated plus maze compared with IgG mAb (Table S2) .
Discussion Here, we demonstrate the validity of a translational social stress animal model that recapitulates aspects of immune dysregulation observed in clinically depressed patients. Individual differences in the sensitivity of the peripheral immune system to social stress are preexisting and confer a greater risk of developing a stressrelated disorder. Mice prone to developing a stress-susceptible phenotype had higher prestress levels of circulating leukocytes, largely due to monocyte populations, and these cells produced more IL-6 in response to acute stress and when stimulated ex vivo with LPS. Both in vivo and ex vivo IL-6 levels in response to stimulation were the strongest predictor of the behavioral response to a subsequent social stress. Although previous studies have identified elevated serum IL-6 and circulating leukocytes in stress disorders, this generally followed either depression diagnosis in humans (4, 25) or controlled stress exposure in rodents (26, 27) . To our knowledge, this is the first study to show that the IL-6 response before social stress exposure can predict individual differences in vulnerability to a subsequent social stressor.
It is of particular interest that these individual differences in the sensitivity of the peripheral immune system occur within an inbred, genetically similar strain. As genetic differences are likely not driving these alterations, the possibility exists that they are due to epigenetic/environmental factors. Recent work has indicated that there is paternal transmission of stress sensitivity (28) . Offspring of fathers that underwent RSDS display increased depression-and anxiety-related behavioral responses to stress (28) . Additionally, stability of social hierarchy within the home cage has been demonstrated to induce anxiety-associated behaviors and alter monocyte trafficking to the brain (29) . Differences in the social hierarchy within each cage may well affect susceptibility versus resilience to social stress. It is also important to note that our findings dissociate sickness behavior or general malaise from depression-like behavior. Despite large increases In a subset of animals tested, naïve host animals that received BM transplants from susceptible donors (n = 14) had higher levels of circulating leukocytes 28 d after transplant and before stress than host mice that received BM grafts from control donors (n = 15) (t 25 = 2.34, P < 0.05, two tailed). (C) Donor phenotype did not alter the percentage of microglia from the host or donor measured in a subset of the animals [χ 2 (1, n = 15) = 0.0, P > 0.05, two tailed]. More than 98% of the microglia were of host origin. (D) Stresssusceptible BM chimeras that underwent a subthreshold defeat (n = 7) displayed social avoidance behavior, as indicated by a significant interaction and post hoc analysis, compared with control (no defeat, n = 8; subthreshold defeat, n = 7) and stress-susceptible BM chimeras that did not undergo subthreshold defeat (n = 7), as indicated by a significant interaction (F 1,25 = 6.94, P < 0.05). (E) Stress-susceptible BM chimeras that witnessed RSDS (subthreshold witness, n = 7) but not animals with transplants from the same donors that did not witness RSDS (n = 8) or control BM chimeras (no witness, n = 6; subthreshold witness, n = 8) displayed greater social avoidance behavior, as indicated by a significant interaction and post hoc analysis (F 1,25 = 4.99, P < 0. 05). Bar graphs display mean ± SEM. * denotes a significant main effect of phenotype. # denotes a significant interaction between donor phenotype and exposure to subthreshold defeat/witness. For t tests, * denotes a significant difference between means.
in IL-6 in susceptible mice, they do not demonstrate changes in core body temperature that can transiently affect motivated behavior (30) . Our work also dissociates general trauma in the RSDS model from development of depression-like behavioral responses. Together, these results point to a peripheral source of IL-6 from leukocytes that is hyperresponsive to stress and serves as a risk factor for development of depression-like phenotypes in vulnerable individuals.
Although studies examining the functional contribution of microglia-dependent inflammatory signaling in the CNS controlling mood-related symptoms are well documented (31) (32) (33) , an outstanding question in the field has been whether individual differences in peripheral immune responses described above are functionally related to stress-induced depression-or anxietylike behavior. Transplantation of BM-derived hematopoietic progenitor cells from susceptible donors promoted susceptibility, whereas transplantation of IL-6-deficient BM-derived hematopoietic progenitors promoted resilience to both physical and emotional social stressors in host mice. The degree of resilience in IL-6 −/− BM chimeras was similar to that observed in full body knockouts, providing strong evidence that peripheral IL-6 is critical in regulating stress-related behaviors. This evidence builds upon a previously study that demonstrated an antidepressant-like response to acute stress in constitutive IL-6 knockouts and suggests that leukocyte-derived sources of IL-6 may be critical in mediating these behavioral effects (34) . Our results are interesting in light of recent studies showing that social defeat stress induces downstream inflammatory signaling pathways, such as NFkB (26, (35) (36) (37) , and increases monocyte trafficking (29) throughout a number of CNS structures known to control depression and anxiety behavior. It will be important for future studies to define the brain regions and molecular pathways induced by stress-responsive IL-6 from leukocytes that mediate adverse behavioral responses to chronic stress.
Lastly, we show that sequestration and elimination of peripheral IL-6 using mAbs mitigates the maladaptive behavioral coping strategies adopted by susceptible mice. It is possible that more direct therapeutic interventions targeting IL-6 in treatment-resistant patients will be effective in ameliorating symptoms of depression. Indeed, the literature describing the effects of standard antidepressants on systemic inflammation is highly mixed. Although some studies have demonstrated that antidepressants decrease inflammatory cytokines (38, 39) , others report either no effect (31, 40, 41) or even increased levels (42, 43) . This discrepancy is likely due to a number of factors, including the class of antidepressant used for treatment or the heterogeneity of the patient population (44) . In our studies, we only included treatment-resistant patients that typically exhibit greater proinflammatory profiles (45) , which may contribute to decreased treatment efficacy and increased relapse. It will be interesting to test more direct anti-IL-6 therapeutics in these patient populations. Similar strategies to block TNF-α with infliximab have shown promise in MDD patients with heightened inflammatory load (45) . Although the direct clinical application of our findings remains unknown, prophylactic therapeutic strategies to inhibit IL-6 may reduce stress-related relapse events for MDD patients in remission.
Materials and Methods
Animals. All subjects were male. CD45.1+/CD 45.2+ C57BL/6 mice were used for RSDS and witness studies. BM transplant hosts (CD45.1+/CD45.2+ C57BL/6) were obtained at 3 wk. IL-6 −/− mice (B6.129S2-Il6 tm1kopf /J) on a CD45.2+ C57BL/6 background were bred at the Icahn School of Medicine at Mount Sinai from stock obtained from Jackson Laboratory. CD-1 mice (Charles River Laboratories) used as aggressors were sexually experienced retired breeders at least 4 mo of age. Aggressors were singly housed at all times other than during the social defeats. All other animals were group housed before social defeat and single housed following social defeat.
RSDS/Subthreshold Defeat. RSDS and subthreshold defeat were performed as previously described, and animals were tested for social interaction (13, 19) .
Witness Defeat. Witness defeat was performed as previously described (15) . Subthreshold witness defeat used a 14-d incubation period.
IL-6 mAb. Mice were given daily i.p. injections of mouse anti-IL-6 mAb (R&D Systems, Clone MP5-20F3), rat IgG 1 isotype control (R&D Systems, Clone 43414), or saline vehicle. Antibodies were given at a dose of 4 μg per mouse per day in 0.2 mL of saline vehicle. Antibodies/saline were injected 5 min prior to RSDS. The last injection was 24 h before SI. (n = 22) but not IgG (n = 23) mAb or saline (n = 28) blocked the development of social avoidance behavior (F 3,72 = 7.14, P < 0.01). Bar graphs display mean ± SEM. * denotes a significant main effect of IL-6 deletion. For t test, * denotes a significant difference between means.
